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Abstract  

Energy transport dynamics in different nanostructures are crucial to both fundamental 

understanding and practical applications for heat management at the nanoscale. It has been 

reported that thermal conductivity may be severely impacted by stacking disorder in layered 

materials. Here, using ultrafast electron diffraction in the reflection geometry for direct probing 

of structural dynamics, we report a fundamental behavioral difference due to stacking order in an 

entirely different system—solid-supported methanol assemblies whose layered structures may 

resemble those of two-dimensional (2D) and van der Waals (vdW) solids but with much weaker 

in-plane hydrogen bonds. Thermal diffusion is found to be the transport mechanism across 2D-

layered films without a cross-plane stacking order. In stark contrast, much faster ballistic energy 

transport is observed in 3D-ordered crystalline solids. The major change in such dynamical 

behavior may be associated with the efficiency of vibrational coupling between vdW-interacted 

methanol layers, which demonstrates a strong structure‒property relation. 

Keywords: interfacial energy transfer, cooperative molecular motions, scattering of cross-plane 

phonons, Debye-Waller, heat conduction 
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Energy transport and thermal management have become critical subjects to consider as basic 

components in modern electronics are firmly in the nanoscale realm.1-3 Because of the 

comparable phonon mean free paths and materials sizes, the transport mechanisms in 

nanostructures may exhibit features that are significantly different from those in the bulk 

described by the conventional Fourier’s law of heat conduction, hence showing, e.g., interfacial 

effects,1, 3 phonon confinements,4 coherent phonon transport,5 and strong anisotropy in heat 

conduction.6 For different desired thermal performances or even new optoelectronic functions on 

the nanoscale, incorporation of various materials with different structures has been contemplated, 

including two-dimensional (2D) or nanostructures for micro- and optoelectronic devices,7, 8 

thermoelectric materials for energy conversion,9 and thermal barrier coatings.10 Due to these 

reasons and many others, the discoveries of 2D materials and van der Waals (vdW) solids have 

led to tremendous attention and amount of research considering their unique structures and novel 

properties.11, 12 

 It is known that 2D and layered materials may exhibit significantly anisotropic thermal 

conductivities given stronger in-plane chemical bonds and much weaker interplanar 

interactions.13-15  However, the stacking order in a solid may further affect thermal conduction in 

a prominent way.3 It has been found that WSe2 with disorderly stacked sheets exhibits a 

reduction in the cross-plane thermal conductivity by 30 times compared to that of an ordered, 

layered single crystal.16 In addition, the in-plane thermal conductivity of disordered WSe2 is 

reduced by 6 times due to the smaller size of the crystalline sheets.17 Interestingly, a disruption of 

the crystalline order by energetic ion bombardments can lead to an increase in the cross-plane 

thermal conductivity, which appears to be a remarkable finding and has structure‒property 

implications.16  
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 Such order-impacted transport behavior is not only limited to inorganic solids.18 Recently, 

a metastable, 2D-layered structure for the assembly of methanol molecules was reported,19 with 

hydrogen bonds within the long-range crystalline sheets and interplanar vdW interactions yet 

without an ordered stacking along the cross-plane direction. The 3D-ordered solid methanol can 

be obtained by further annealing the 2D assembly at an elevated temperature to facilitate the 

stacking alignment of the hydrogen-bonded sheets and form the crystal structure.19  In such a 

system, the difference between the strengths of hydrogen bonds and vdW interactions per 

molecule is considerably reduced compared to that of other systems with strong in-plane 

covalent/ionic bonds. Furthermore, hydrogen bonds and vdW interaction are crucial components 

in biological macromolecular systems, and an understanding of energy transport in structures 

containing these intermolecular interactions and resembling orders is needed. Thus, assemblies 

of methanol molecules can serve as a good model system to investigate the impact of structural 

orders on energy transport dynamics. 

 In this report, the energy transport processes in both 2D-layered and 3D-ordered 

methanol assembly structures are elucidated using ultrafast electron diffraction (UED). A drastic 

difference in the transport mechanism is found for films of different orders, where a fast ballistic 

propagation is observed for 3D-ordered crystalline films but a diffusion-type result for the 2D-

layered structure. This contrast indicates the determining role of the cross-plane stacking on 

energy transport and thermal conductivity even though the structural differences may seem 

subtle, considering from a thermodynamic energy point of view regarding the strength of vdW 

interactions. Thus, the current study with molecular assemblies may have further implications in 

nanoscale structure-property relations for a broad range of materials and biological systems. 

Diffractions of two ordered methanol assembly structures. Shown in Figure 1a‒d are the  
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Figure 1. Diffraction images recorded from (a) bare InAs(111)A, (b) an as-deposited methanol 

film, (c) 2D-layered assembly, and (d) 3D crystalline structure. The insets show the same 

diffraction patterns with a lower intensity threshold to highlight the less intense side streaks or 

spots. The scale bars in a‒d indicate a momentum transfer of 0.25 Å-1. (e) Structure of 3D-

ordered crystalline methanol (oxygen in red, carbon in grey, and hydrogen in white), showing 

layers of hydrogen-bonded chains (HB) and interlayer vdW interaction. 

 

diffraction images recorded from a smooth supporting InAs(111)A substrate and interfacial 

methanol of three different structures (see Supporting Information for Experimental Section). 

During the first-stage crystallization, a 2D-layered assembly was gradually formed of as-

deposited amorphous methanol (Figure 1b) at a temperature above 112 K19 and then stabilized 
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without further structural change by lowering the surface temperature back to ~100 K for UED 

measurements. The completion of the process was confirmed by the observation of clear 

diffraction streaks with stable intensities over time (Figure 1c). A 3D-ordered crystalline 

methanol film was obtained by raising the annealing temperature to 130 K and maintaining it for 

more than one hour until well-defined diffraction spots were observed (Figure 1d); the final film 

thickness after the inevitable but minor evaporation loss was determined by laser 

interferometry.19 The temperature was then lowered to ~100 K and the crystalline film was 

maintained without further change for UED measurements. The Bragg spots of 3D crystalline 

films indicate a long-range order in the vertical stacking of hydrogen-bonded methanol layers 

along the surface normal direction (Figure 1e), which is lacking in 2D-layered assemblies. In 

addition, by comparing the horizontal widths of the diffraction features, the lower values for 3D-

ordered films also signify a better in-plane order from a larger average domain size compared to 

that of 2D-ordered assemblies.19 

 Hence, the structures of 2D- and 3D-ordered methanol assemblies are reminiscent of 

those of WSe2 reported earlier,16 although the nature and strength of the in-plane bonding is 

significantly different. 

Structural dynamics of 2D-layered methanol assemblies. Upon the impingement of a 1030-

nm (i.e., 1.20-eV) laser pulse, the supporting InAs substrate undergoes an above-gap 

photoexcitation followed by heating of the lattice due to the excess energy released by 

photocarriers via electron‒phonon coupling (see Supporting Information for Experimental 

Section and further description about the induced temperature jump).20, 21 Hence, effectively, a 

fast temperature jump is generated within several picoseconds (ps) in the top region of InAs, 

with surface atoms exhibiting enlarged vibrational motions. Such atomic movements along the 
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surface normal direction then affect the overlaying methanol molecules with vdW contacts, 

resulting in the subsequent energy transport across the interface. This cross-interface transport 

takes place over an extended duration because the effective temperature of the substrate surface 

remains elevated for at least a nanosecond (ns) time, owing to a rather large penetration depth of 

~680 nm at 1.20 eV (from the absorption coefficient of 1.48×104 cm-1)22 and consequently 

slower heat dissipation into the bulk. As a result, the nonequilibrium structural dynamics is not 

of a ps impulse type but continue to build up and propagate through a methanol assembly toward 

the top of the film probed by UED in the reflection geometry (see below). 

 Given that no structural transition exists at the temperature and excitation fluences used, 

the reduction in the diffraction intensity is caused by the increased thermal motions of methanol 

molecules. Particularly, the intensity decrease of the center streak (Figure 2a) may be described 

by the Debye‒Waller mechanism as follows: 

ln൫ܫ଴/ܫሺݐሻ൯ ൌ 2ܹሺݐሻ ൌ ∆ 〈൫ݍԦ ∙ ሻ൯ݐሬԦሺݑ
ଶ
〉 ൌ ୄݏଶߨ4

ଶ ∙ ୄݑ〉∆
ଶሺݐሻ〉                        (1) 

where the ܫ଴ and ܫሺݐሻ are, respectively, the diffraction intensities before the zero of time and at 

time ݐ  after photoexcitation, ܹ  the Debye‒Waller factor, ݑሬԦ  the atomic or molecular 

displacement vector, ݍԦ ൌ Ԧୄݏߨ2  the scattering vector, and ୄݏ ൌ 2 sinሺ2/ߠሻ/ߣ  the vertical 

momentum transfer along the surface normal direction, with θ being the total scattering angle 

and λ = 0.0698 Å the de Broglie wavelength of 30-keV electrons. ∆〈ୄݑ
ଶሺݐሻ〉 is the change in the 

out-of-plane component of the mean-square displacements (MSD). Thus, the good linear relation 

between ln൫ܫ଴/ܫሺݐሻ൯ and ୄݏ
ଶ  supports the structural origin of the observed diffraction changes, 

whose slope gives 4ߨଶ∆〈ୄݑ
ଶሺݐሻ〉 (Figure 2b). The linear dependence of ∆〈ୄݑ

ଶ〉 on the laser fluence 

used is anticipated for one-photon photoexcitation and therefore a linear heating scenario (Figure 

2c). We also note the lack of notable intensity changes near the shadow edge (Figure 2a), which 
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rules out the possibility of significant transient surface electric fields as the explanation for the 

observed diffraction changes (see Supporting Information).23 

 

Figure 2. Structural dynamics of 2D-layered, 19-nm-thick methanol film. (a) Diffraction 

difference image at t = 2100 ps referenced to a negative-time frame before excitation. (b) 
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Diffraction intensity changes along the center streak as a function of ୄݏ
ଶ at t = 2100ps, at different 

laser fluences used. The symbols are the experimental results obtained via fit of a Gaussian 

function to the horizontal intensity curve at each ୄݏ, and the lines are linear fits according to 

Equation 1. (c) Increase in the maximum of mean-square molecular displacements, ∆〈ୄݑ
ଶ〉୫ୟ୶, as 

a function of the excitation fluence. The solid line is a linear fit. 

 

Figure 3. Temporal dependence of MSD increases at the top of methanol films with different 

thicknesses after photoexcitation of the supporting InAs substrate. The laser fluence used was 

41.6 mJ/cm2. The solid lines are the results simulated based on the described diffusion model, 

with the effective temperatures at the top of methanol assemblies as shown on the right axis. 

 

 Because the elastic mean free path of 30-keV electrons in methanol is about 108 nm, only 

the layers within the top few nm are probed at the grazing incidence of ~1°. Thus, time-

dependent experiments conducted with different film thicknesses allow the examination of the 

structural dynamics of 2D methanol assemblies at different distances above the solid‒molecule 

interface. Shown in Figure 3 are the out-of-plane MSD increases observed from films of 

different thicknesses (d = 10 to 41 nm) following laser excitation of the substrate, which may be 

further associated with temperature increases. The following phenomenological findings are 
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remarkable. As the thickness of a 2D-layered film increases, even by a few nm only, the out-of-

plane MSD rise time becomes significantly prolonged. Furthermore, an apparent delay for the 

onset of change is observed and becomes appreciably larger for a thicker film. Concurrently, the 

amount of the out-of-plane MSD increase is reduced on the sub-ns time scale. These trends of 

the MSD dynamics appear to be unusual considering that the change in the film thickness is in 

the nanometer range, compared to the sub-m to m-thick heated substrate region. However, it 

may be reasonable to consider that a thermal diffusion process is at work for the temporal 

dependence of  ∆〈ୄݑ
ଶ〉, according to the time scale involved in Figure 3. As an example, using the 

time of ݐ୫ୟ୶ ~ 300 ps to reach the maximum of ∆〈ୄݑ
ଶ〉 for a 10-nm-thick 2D-layered film (Figure 

3, red), we estimate the thermal conductivity of solid methanol ܭ୑ ≅ ୫ୟ୶ሻݐ/୑ܿ୮,୑ሺ݀ଶߩ ൎ 0.46 

W/(m·K) with the density ߩ୑ = 1.028 g/cm3 24 and specific heat ܿ୮,୑ = 1.34 J/(g·K) at 100 K25 

for crystalline methanol, which is in a good agreement with the literature.26 

 To be more quantitative, a heat diffusion model is used to simulate the temperature of a 

methanol film, ୑ܶሺݖ୑,  ୑ from the substrate surface, whichݖ ሻ, as a function of time and distanceݐ

includes an impulse heating of the InAs substrate considering volume generation of heat,27 the 

energy transport from the heated substrate to the molecular film across the interface due to 

atomic motions, and the upward thermal diffusion with ܭ୑ = 0.36 W/(m·K):26 

డమ்౉ሺ௭౉,௧ሻ

డ௭మ
െ

ఘ౉௖౦,౉
௄౉

డ்౉ሺ௭౉,௧ሻ

డ௧
ൌ 0                                              (2) 

୑ܶሺݖ୑, 0ሻ ൌ ଴ܶ     (3) 

where ଴ܶ is the substrate temperature without laser excitation. However, instead of equating the 

temperatures at the interface as the boundary condition, we consider the vibrating surface atoms 

of heated InAs and the immediate interfacial layer of methanol molecules to have the same 

average displacement increase along the surface normal direction, 
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୑,ୄݑ〉∆
ଶ ሺ0, ሻ〉ଵ/ଶݐ ൌ ୬୅ୱ୍,ୄݑ〉∆

ଶ ሺ0,  ሻ〉ଵ/ଶ.  (4)ݐ

This is physically more reasonable than the use of the same temperature considering what 

actually happens at the solid‒molecule interface and how atomic movements at the substrate 

surface affect adjacent molecules that have only vdW contacts. Then each Δ〈ୄݑ,୑
ଶ ሺ0,  ሻ〉ଵ/ଶ valueݐ

for methanol corresponds to an equivalent ୑ܶሺ0, ሻݐ  for diffusion simulation (see Supporting 

Information for further details). 

 The simulated curves of the effective temperature at the top layer of the methanol films 

are shown as solid lines in Figure 3. With only a single universal factor to match the amplitude 

of change, a good agreement is reached between the simulated results and the experimental data 

for all thicknesses measured, including the time dependence and the delayed onset of change. 

Thus, it is concluded that thermal diffusion is the energy transport mechanism at work across a 

2D-layered methanol thin film, with thermal conductivity similar to that of the crystalline bulk.  

Structural dynamics of 3D crystalline methanol. Structurally, as mentioned above, interfacial 

methanol with the 3D crystalline structure exhibits a longer-range order in both in-plane and 

cross-plane directions, in contrast with that of a 2D-layered assembly. Dynamically, major 

differences are also found in the time-resolved structural dynamics of 3D crystalline films 

compared to those of the 2D-layered structure (Figure 4). In fact, the temporal dependence of 

diffraction change of a 3D-ordered film resembles that of the laser-excited supporting substrate, 

which is in stark contrast with the slow rise of the out-of-plane MSD increase observed from a 

thick 2D-layered film as a result of the diffusion-type thermal conduction. We note that the out-

of-plane MSD increases at the top layers of 22- and 100-nm-thick 3D crystalline films reach the 

maximum extent on the ps time scale following the temperature jump of the substrate surface. 
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Furthermore, the decay of a significant fraction of the MSD increase appears within ~100 ps, a 

trend that is opposite to the slow rise in hundreds of ps seen in 2D-layered assemblies (Figure 4). 

 

Figure 4. Comparison of MSD increases for 22-nm and 100-nm-thick 3D crystalline films and a 

bare InAs surface, at the laser fluence of 41.6 mJ/cm2. The inset shows the dynamics at early 

times. 

 Given the same experimental conditions (except for the structural orders of the films), 

such drastic dynamical differences between 2D-layered and 3D-ordered cases cannot be 

dismissed merely by transient surface electric field effects. In fact, the observations signify a 

much faster energy transport in the 3D crystalline structure with a mechanism different from 

diffusion. The following points provide a consistent picture. First, for a faster rise and decay, it is 

reasonable to consider energy transport via phonons or ballistic propagation, therefore in a more 

coherent fashion than diffusion. Indeed, with the sound speed of about 2.80 km/s,28 the MSD rise 

times are expected to be of the order of 10 ps and slower for a 100-nm-thick film compared to a 

22-nm-thick film (Figure 4). Second, because of the better layer-to-layer packing and hence less 

phonon scattering, the MSD decay under a coherent transport should follow the dynamics of the 

InAs surface, as energy dissipates toward the bulk in the reversed direction at longer times when 
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the supporting substrate gradually cools down. Third, it is also reasonable to see a similar level 

of ∆〈ୄݑ
ଶ〉 at early times at the top of films of different thicknesses as a result of coherent motions, 

whose value falls on sub-ns time below the threshold for quick thermodynamic evaporation loss. 

Lastly, at longer times, the recovery of ∆〈ୄݑ
ଶ〉 may eventually exhibit more thickness-dependent 

differences considering the finite size for wave-like propagation, structural anharmonicity for 

non-coherent motions, and thermalization across a film. 

Relation between structures and energy transport. It is evident from the aforementioned 

results that changes in molecular assembly structures have profound impacts on their dynamical 

properties although they are composed of the same chemical component. Generally speaking, 

amorphous or glassy solids have low thermal conductivities compared to their crystalline 

counterparts because of the strong localization nature of heat carriers as a result of disordered 

structures.29, 30 In contrast, a well-ordered crystalline structure has delocalized propagating 

modes to contribute to a  higher thermal conductivity.29 However, the situation may be less 

apparent when both order and disorder (or misfits) are present in a solid, which becomes relevant 

in vdW materials and heterostructures.31-34 In the WSe2 studies mentioned earlier, a multilayered 

solid with disorder in the stacking exhibits a much lower cross-plane thermal conductivity 

compared to a well-stacked crystalline one.16, 17 Reduced thermal conductivities were also 

reported in another study of multi-component layered materials with structural misfits.31 

In the present study, the distinct difference in the energy transport mechanism observed 

in the dynamics of the solid‒methanol system is remarkable and may even be surprising for a 

number of reasons. First, to our best knowledge, this is the first molecular assembly system 

found by a direct structure-probing method (e.g., reflection UED in this study) to exhibit such 
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drastic dynamical behavioral differences, as a result of a seemingly small change in the stacking 

order. In fact, the contrast in the transport mechanisms could be considered greater than that 

found in ordered vs. disorderly-stacked WSe2 with the similar diffusion process.16 Second, both 

2D-layered and 3D-ordered methanol assemblies have intralayer hydrogen bonds and cross-plane 

vdW interactions, although an in-plane domain size effect is anticipated for the former, and the 

latter between the two structures may likely have a small difference in energy per molecule. Two 

scenarios are possible to account for the observed difference in the mode of energy transport: (i) 

coherent cross-plane propagation or noncoherent diffusion is highly dependent on the lateral 

domain size, in that a more extended layer with many more methanol molecules favors 

synchronized movements whereas smaller domains with structural disorders in the boundaries 

disrupt coherent motions; (ii) compared to the 3D crystalline structure, the disorder and 

azimuthal rotation in the stacking of 2D-layered assemblies cause strong scattering or trapping of 

cross-plane energy-carrying phonons, resulting in a significant reduction in the transport speed 

and phenomenologically a different mode of energy transfer because of localization of the non-

propagating vibrational modes.33, 34 It may also be possible that both scenarios contribute to our 

observations. 

Third, the coherent cross-plane propagation of phonons in the 3D-ordered structure also 

signifies the preference of collective out-of-plane motions of hydrogen-bonded methanol 

molecules of the same layer, as well as a good structural coupling between layers even with vdW 

separation. These understandings give another example showing the cooperative nature of a 

hydrogen-bonded network (instead of unassociated individual molecular movements), which has 

been observed as the crucial underlying mechanism during a nonequilibrium phase 

transformation of ice in two solid‒water systems.35, 36 Lastly, the similarity of thermal 
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conductivity between the 2D-layered structure and the bulk (likely polycrystalline) solid 

methanol is noted,26 which may provide a consistent picture for a heat diffusion process. By the 

argument of Chiritescu et al.,16 the thermal conductivity of a 2D-layered assembly could be even 

lower than the bulk value. However, we also note a potential negative correlation between the in-

plane bonding strength and the cross-plane thermal conductivity described by Wei et al.37 Given 

the weak hydrogen bonds as the main in-plane intermolecular interaction, the disorder-induced 

reduction in the cross-plane thermal conductivity may be much less for methanol (thus 

maintaining the bulk value), compared to the significant reduction seen in the case of WSe2 with 

more-than-one-order-of-magnitude stronger in-plane ionic bonds. 

 In conclusion, by using ultrafast electron diffraction in the reflection geometry, we have 

directly probed and resolved the structural dynamics and underlying energy transport 

mechanisms in solid-supported methanol assemblies, for both 2D-layered and 3D crystalline 

structures of different thicknesses. The structural order in the vdW stacking of hydrogen-bonded 

methanol layers was found to be the determining factor for the dynamical behavior. Because of 

the disorder and azimuthal misalignment in the stacking of the 2D-layered assembly, 

noncoherent heat diffusion from the laser-heated substrate surface to the top of the film is 

resulted, with prominent delays in the structural dynamics of slightly thicker films and a thermal 

conductivity similar to that of the bulk crystallized methanol. However, the ordered layer 

stacking and alignment as well as the enlarged lateral domain size in the 3D crystalline structure 

permit a much faster ballistic phonon propagation as the energy transport mechanism, as seen 

from the fast rise and recovery of the structural change at the top of a film resembling those of 

the substrate surface. The evident contrast observed in this solid‒methanol system, the first for 

molecular assemblies, may find similarity in the large thermal conductivity difference seen in the 
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inorganic material of ordered vs. disordered WSe2.
16 Taken together, these examples may 

provide further understanding about structural impacts on energy conduction in layered and vdW 

materials as well as organic optoelectronic materials. Finally, from a broader perspective, it is 

also crucial to examine energy transport dynamics and structure‒property relations in a variety of 

molecular systems with different intermolecular interactions and/or structural motifs; for 

example, self-assembled monolayers with chemical bonds along the chains and lateral vdW 

interactions may serve as another model system for comparison.38, 39 
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1. Experimental Section 

Preparation of methanol thin films with the 2D and 3D structural orders has been described in a 

previous report.S1 InAs(111) was chosen as the supporting substrate because its hydrophobic 

surface allows reliable preparation of the 2D- and 3D-ordered methanol assemblies, likely as a 

result of no significant interfacial interaction and very low surface roughness to interfere with the 

assembly growth. Experimentally, single-crystalline InAs(111)A substrates with a low surface 

roughness (<5 Å) were purchased from MTI Corporation. Prior to molecular depositions, 

InAs(111)A was sputtered by 1.5 keV Ar+ ions to remove surface oxides and contaminants. The 

surface quality and smoothness were confirmed by the clear streak patterns using reflection 

electron diffraction (Figure 1a). In an ultrahigh vacuum of the order of 10−10 torr, the surface 

temperature of the substrate was lowered to ≤100 K for molecular depositions. Thickness of a 

methanol film was determined by the effusion time used at a constant backing pressure in a 

molecular beam doser, whose deposition rate was calibrated by interferometry with a 515-nm 

laser beam.S1 As-deposited films were amorphous at ~100 K and produced diffuse scattering in 

the diffraction pattern (Figure 1b). By raising the substrate temperature slowly and annealing thin 

films at different temperatures, the two methanol assembly structures can be obtained (Figure 1, 

c and d). 

 The apparatus for UED in the reflection geometry has been described elsewhere.S2 Here, 

photoexcitation of supporting InAs(111)A was achieved by the fundamental output of a 

regenerated amplified laser system (1030 nm, i.e. 1.20 eV which is sufficient to overcome the 

0.35-eV band gap, with a pulse width of 170 fs); the repetition rate used was 2 kHz. The 

footprint of the excitation beam on the specimen surface was about 500 μm in the full width at 

half-maximum (FWHM). The pulsed electron beam was photogenerated from a cooled LaB6 

emitter by the fourth harmonic of the fundamental (257 nm) and directed toward the specimen 

surface at a grazing incidence of ~1.0°, resulting in a footprint of 860 μm (15 μm) in FWHM 

along (perpendicular to) the propagation direction. At less than 1000 electrons per pulse, the 

instrumental response time was about 5 ps due to the temporal mismatch at a low incidence angle 

of electrons;S2 however, this is sufficient for the observation of energy transport dynamics 

reported in this study. During the UED measurements, the thickness of a methanol film was 

monitored by laser interferometry to ensure no evaporation loss. Each diffraction frame at a 

given delay time for a certain film thickness was averaged from multiple rounds of image 
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acquisition produced by a total of about 109 electrons. Hence, the stability and reproducibility of 

the results were also confirmed from the large number of time scans. 

 

2. Simulation of thermal diffusion across the solid‒molecule interface and in a 

 methanol assembly 

The photon energy (ܧ୮୦ = 1.2 eV at 1030 nm) used to photoexcite is much greater than the 

bandgap of InAs (ܧ୥ = 0.41 eV at 100 K);S3 hence, a major fraction of the absorbed photon 

energy will be released to the lattice as thermal energy, compared to other semiconductors such 

as silicon or GaAs with a bandgap greater than 1 eV and an orders-of-magnitude lower 

absorption coefficient. As a first-order approximation, we consider the early-time carrier‒phonon 

coupling and the above-gap excess energy, ܧ୮୦ െ  ୥ per electron‒hole pair, to cause a latticeܧ

thermal impulse, assuming the photocarriers are long-lived. The actual average energy provided 

by each pair of carriers to the lattice may be slightly reduced because of the band-filling effect 

toward the thermalized Fermi-Dirac distribution across the bandgap. On the other hand, it is also 

probable that additional energy may be released by carriers that go through nonradiative 

relaxation via, e.g., an Auger process and/or defect-assisted decay at early or later times, 

considering the high carrier densities used in the present study. In either scenario or even a 

combined one with both effects, the following model remains largely the same except for 

ሺܧ୮୦ െ  ୮୦, the ratio of energy available to the lattice, which has no major influence on theܧ/୥ሻܧ

temporal behavior that is the main observation of the present work. 

 Given the few-ps time scale for energy transfer by carrier‒phonon coupling (and the 

probable ultrafast carrier annihilation processes at early times), the absorbed laser energy may be 

simply treated as a heating source in view of the time scale of 100s ps to few ns relevant to this 

work. The picture of thermalization after several up to few 10s of ps has been shown in various 

ultrafast structural studies, including photoexcitation of metals,S4-S6 semiconductors,S7 and 2D 

materials,S8-S10 as well as further support by time-resolved x-ray diffraction in ns times.S11, S12 

Therefore, the effective temperature in the InAs substrate may be modeled using the heat 

conduction equation, with the laser heating in the volume generation model:S13 
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where ∆ܶሺݖ,  ;ݐ beneath the substrate surface at time ݖ ሻ is the temperature increase at the depthݐ

F the average laser fluence, ܴ ൌ 0.337 and 104×1.4758 = ߙ cm−1 the reflectivity and absorption 

coefficient of InAs at 1030 nm, respectively,S14 and 1.3 = ܭ W/(cm·K) and ߢ ൌ 1.27	cmଶ/s the 

thermal conductivity and diffusivity of InAs at 100 K, respectively,S15 and ߬  the effective 

temporal width of the thermal impulse. Then to each temperature ܶ, the out-of-plane component 

of the mean-square displacements (MSD) 〈ୄݑ
ଶ〉 can be calculated based on the Debye model:  

ୄݑ〉
ଶ〉 ൌ ଷ԰మ்

௠ഥ௞ా஀ీ
మ                                                            (S2) 

where ԰ ൌ is the reduced Planck constant, ഥ݉ ߨ2/݄  the average atomic mass, ݇୆ the Boltzmann 

constant, and Θୈ = 300 K the Debye temperature of InAs.S16 Thus, we obtain 

୬୅ୱ୍,ୄݑ〉
ଶ ሺݖ, 〈ሻݐ ൌ 1.71 ൈ 10ିହ	ܶሺݖ,  Հଶ.                                      (S3)	ሻݐ

 At the InAs‒methanol interface, the increment of the average vertical displacement of a 

methanol molecule is presumed to be equal to that of the InAs surface atoms following laser 

excitation, considering them in a van der Waals contact: 

Δሺ〈ୄݑ,୑
ଶ ሺ0, ሻ〉ଵ/ଶሻݐ ൌ Δሺ〈ୄݑ,୍୬୅ୱ

ଶ ሺ0, ሻ〉ଵ/ଶሻݐ ൌ √1.71 ൈ 10ିହ൫ඥܶሺ0, ሻݐ െ ඥ ଴ܶ൯,        (S4) 

where ଴ܶ is the base temperature of InAs and the supported methanol assembly prior to laser 

excitation. Hence, for the interfacial methanol molecules with small MSD increase, 

୑,ୄݑ〉
ଶ ሺ0, 〈ሻݐ ≅ ୑,ୄݑ〉ൣ

ଶ 〉
బ்

ଵ/ଶ ൅ ୑,ୄݑ〉∆
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ଶ
.                                (S5) 

Using Equation S2, we can derive the effective temperature of the interfacial methanol molecules 

୑ܶሺ0, ୑,ୄݑ〉 ሻ from the vertical component of the molecular MSDݐ
ଶ ሺ0,  ,〈ሻݐ

୑,ୄݑ〉
ଶ ሺ0, 〈ሻݐ ൌ ଷ԰మ்౉ሺ଴,௧ሻ

௠౉௞ా஀ీ,౉
మ ൌ 4.04 ൈ 10ିସ	 ୑ܶሺ0,  Հଶ                          (S6)	ሻݐ

with ݉୑ being the mass of a methanol molecule and Θୈ,୑ = 106 K the Debye temperature of 

solid methanol.S17  

 With ୑ܶሺ0,  ୑ݖ ሻ for the interface, the temperature of a methanol thin film at a distanceݐ

above the substrate surface can be calculated by the following one-dimensional thermal diffusion 

equation, 

డమ்౉ሺ௭౉,௧ሻ

డ௭౉
మ െ

ఘ౉௖౦,౉
௄౉

డ்౉ሺ௭౉,௧ሻ

డ௧
ൌ 0                                            (S7) 

where ߩ୑  = 1.015 g/cm3 is the density of crystallized methanol,S18 ܿ୮,୑  = 1.34 J/(g·K) the 

specific heat,S19 and ܭ୑ = 0.36 W/(m·K) the thermal conductivity of methanol at 100 K.17 The 
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initial and boundary conditions are given below, 

୑ܶሺݖ୑, 0ሻ ൌ ଴ܶ                                                          (S8) 

୑ܶሺ0, ሻݐ ൌ
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మ

ସ.଴ସൈଵ଴షర
.                               (S9) 

At the top of the methanol film, there should be no energy flow across the methanol‒vacuum 

interface, thus 

డ	்౉ሺ௭౉,௧ሻ

డ௭౉
ቚ
௭౉ୀௗ

ൌ 0                                                     (S10) 

where d is the film thickness. Thus, our model uses the physical constants of the materials 

involved. A good agreement between the experimental observations and the simulation results is 

reached when a universal factor of 1.2 is introduced to multiply all of the calculated temperatures 

(or 0.92 if 100% of the absorbed photon energy is released to the lattice at early times). Such a 

universal factor is likely due to certain experimental uncertainties including the actual sizes and 

overlap of the laser and electron footprints (particularly, the small vibrations of the liquid-

nitrogen-cooled cryostat causing the coupled manipulator and sample holder to oscillate 

vertically, which affects the location of the footprint of grazing electrons), as well as a possible 

nonlinear response of the diffraction change to the laser fluence used (which will be further 

examined in a future study). A comparison between the nominal film thicknesses determined by 

laser interferometry and the values of d for best theoretical agreement is given in Table S1. 

 

 

Figure S1. Schematic diagram for the InAs‒

methanol system considered in the thermal 

diffusion simulation. The positive z direction 

for each component is indicated. A set of 

boundary and initial conditions is presumed at 

the InAs‒methanol interface, whereas another 

boundary condition is considered at the 

methanol‒vacuum interface. 
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Table S1. Comparison of the interferometry-determined thicknesses of 2D-layered methanol 

films with the values used in the simulation for best match. The time when ln(I/I0) reaches a 

plateau ሺݐ୫ୟ୶) in the simulation for each thickness is also given. 

Experimental nominal thickness (nm) 10 17 23 41 

 ୫ୟ୶ (ps) 380 1100 >2000 > 2000ݐ

Thickness in simulation (nm) 10 17 22 41 

 Lastly, we note that another possible boundary condition other than Equation S4 may be 

considered at the solid‒molecule interface for equal temperatures at all times, 

୑ܶሺ0, ሻݐ ൌ ܶሺ0,  ሻ.             (S11)ݐ

Although Equation S11 may seem reasonable, the simulation results yield effective temperature 

increases at the top methanol layer to be ~6.7 times of those derived from the experimental 

observations (or equivalently, a value of 0.15 much lower than 1 for the aforementioned 

adjustable parameter for multiplication), even though the temporal behavior agrees well. Thus, 

Equation S4 is found to be better supported, which also allows the microscopic picture of similar 

MSD at the interface. Furthermore, at the excitation fluence of 41.6 mJ/cm2, the temperature at 

the top of the 10-nm-thick methanol film reaches up to 140 K (Figure 3), which is generally 

below the thermodynamics level for significant evaporation loss.S1 This is also consistent with 

the experimental finding that too high of a laser fluence would cause the loss of a methanol film 

over time as determined by interferometry. 

 

3. Exclusion of Transient Surface Electric Fields as Possible Cause for Diffraction Changes 

For ultrafast electron diffraction in the reflection geometry, it is crucial to examine that no 

significant effect is resulted from laser-induced transient electric fields above the surface of a 

photoexcited material. Our conclusion of negligible interference is reached by a number of 

observations. First, no major profile and intensity change is found around the shadow edge 

region of diffraction images (Figure 2a), which is a good indicator for the lack of significant 

transient electric fields. In contrast, shifts in the electron beam propagation can be clearly seen 

when surface electric fields are present.S20  Second, the experimentally observed linear relation 

between lnሺܫ଴/ܫሻ  and ୄݏ
ଶ  agrees well with the structurally originated Debye‒Waller effect 
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(Figure 2b), which cannot be explained by the presence of transient electric fields. If the 

observed diffraction changes were caused by transient electric fields, we would have anticipated 

more influence near the substrate surface (for electrons whose outgoing take-off angles are 

smaller, i.e. lower ୄݏ
ଶ ) than farther away from the surface (for electrons with larger take-off 

angles, i.e. higher ୄݏ
ଶ ). This would be completely opposite to our observations. Third, no 

difference would have been anticipated between 2D-layered and 3D-ordered nanoscale 

assemblies, should transient electric fields be the driving force for the observed dynamics. Thus, 

we conclude that our observation of diffraction changes is indeed of a structural origin and not 

by some Coulombic effects. 
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